Protein folding in the cell requires ATP-driven chaperone machines. It is poorly understood, however, how these machines fold proteins. Here we propose that the conserved Hsp70 and Hsp90 chaperones support formation of the folding nucleus by providing a gradient of decreasing hydrophobicity. Early on the folding pathway Hsp70 uses its highly hydrophobic binding pocket to recover a stalled, unproductive folding intermediate. The aggressive nature of Hsp70 action, however, blocks productive folding by grabbing hydrophobic, core-forming segments. This precludes on-pathway nucleation at high, physiological Hsp70 levels. Transfer to the less hydrophobic Hsp90 enables the intermediate to resume forming its folding nucleus. Subsequently, the protein enters a spontaneous folding trajectory towards its native state, independent of the ATPase activities of both Hsp70 and Hsp90. Our findings provide a general mechanistic concept for chaperoned protein folding.
Introduction
It is the primary sequence of the protein that determines its native fold 1 . Proteins condense around an initial nucleus to ultimately shape up to always the same structure 2 . In the cell, conserved families of molecular chaperones support folding of their proteins in an energyconsuming manner, presumably by repeated cycles of binding and release [3] [4] [5] [6] . The molecular determinants of assisted protein folding, however, remain largely enigmatic. Here we describe that the ubiquitous, ATP-dependent chaperone machines Hsp70 and Hsp90 form a conserved cascade that promotes spontaneous protein folding by a stop-start mechanism.
Hsp90 acts downstream of Hsp70, but its contribution to protein folding is unclear [7] [8] [9] [10] . Under certain conditions Hsp70 can refold proteins in the absence of Hsp90 11 . However, molecular understanding of the Hsp70 folding mechanism requires solving two paradoxes: (i) Hsp70 binds to short, very hydrophobic stretches, which are required to build the hydrophobic core 12 . How can binding of Hsp70 to core-building stretches contribute to protein folding? (ii) Hsp70 acts with high on rate to compete with aggregation. How can slow-folding proteins complete their hydrophobic core in the presence of fast-rebinding Hsp70?
Results
Looking for potentially analogous mechanisms in other chaperone systems, we note that the bacterial chaperonin GroEL-GroES first recruits substrates via a hydrophobic ring and subsequently exposes them to a larger, less hydrophobic chamber promoting folding of the enclosed intermediate ( Fig. 1a) . We hypothesize that Hsp70, offering a short, very hydrophobic cleft, and Hsp90, offering subsequently a large, less hydrophobic surface, may act as an analogous bipartite system providing an inverse hydrophobicity gradient along the folding path ( Fig. 1b) .
Exposure to the Hsp90 surface may favor burial of hydrophobics within the core and thereby solve the Hsp70 paradoxes. Protein folding activity of Hsp70 chaperones was established both in vivo and in vitro using luciferase as a paradigmatic client, nota bene in the absence of Hsp90 11 . To address the Hsp70 paradoxes, we first revisited refolding of luciferase by the E. coli Hsp70 system, consisting of the Hsp70 DnaK, ATPase stimulating J-protein, DnaJ, and nucleotide exchange factor, GrpE. Substrate proteins binds to DnaK very fast, within seconds, but folding of e.g. luciferase takes around 30 mins 11, 13, 14 . According to the second paradox, increasing Hsp70 levels should further favor the association of Hsp70 with unfolding protein, which may compete with productive folding 15 . We, therefore, chemically denatured luciferase and monitored the refolding rate in the presence of the Hsp70 system ( Fig. 2a) . We kept concentration of luciferase, DnaJ and GrpE constant and titrated DnaK. We observed that independent of chaperone levels, activity of refolded luciferase reaches a plateau after around 30 min (Fig. 2b) . The refolding yield, however, depended strongly on the concentration of Hsp70. It increased to a maximum of 82% refolded luciferase at 2 μM DnaK. Strikingly, however, increasing Hsp70 levels further successively reduced the yield, dropping to background levels at 10 μM DnaK ( Fig. 2c) . Hsp70 is thus not only a promoter but also an effective inhibitor of folding of luciferase. This phenomenon depends only on the levels of Hsp70 itself, and not on the relative ratio of chaperone to co-chaperones. Titrating DnaK, DnaJ and GrpE together revealed a similar picture, reaching a maximal refolding yield of 83.5% at 5 μM DnaK but subsequently falling to background levels at 10 μM ( Fig. 2d, e ). The physiological concentration of E. coli Hsp70 is even higher (~27 μM at 30˚C), and doubles upon heat shock 16 . The Hsp70 block depends on the absolute Hsp70 levels, not on the ratio of Hsp70 to substrate. A 10-fold increase in luciferase levels did not release the Hsp70 block ( Fig. 2f ) Together, this suggests that Hsp70 requires an additional factor for effective refolding at physiological concentrations.
Given that Hsp90 acts downstream of Hsp70, we considered whether E. coli Hsp90, HtpG, restored folding activity at physiological Hsp70 levels 7 . Hsp90 acts on steroid receptors downstream of Hsp70, and HtpG was found to have a mild effect on DnaK-dependent luciferase refolding 9, [17] [18] [19] . Here we found that at high levels of the Hsp70 system (10 μM DnaK; Fig. 2c , e) Hsp90 restored its folding capacity, even when substoichiometric to DnaK (1 μM HtpG; Fig. 2g ). Importantly, and in contrast to Hsp70, high levels of Hsp90 (15 μM) were not detrimental for folding. Thus, Hsp90 becomes essential for folding at high Hsp70 levels, without adverse side effects at physiological levels.
Next, we explored whether Hsp90 may function as safe guard to make the Hsp70 system robust to fluctuation in free chaperone levels, as naturally occurs upon and after cell stress. In the presence of Hsp90 (1 μM HtpG), we titrated the E. coli Hsp70 system up to physiological levels (27.4 μM DnaK / 1 μM DnaJ / 6.2 μM GrpE). The yield of refolded protein reaches a plateau above 5 μM DnaK ( Fig. 2h) . Thus, Hsp90 ensures that folding efficiency is independent of the levels of free Hsp70 and its co-chaperones.
To analyze the role of Hsp90 ATPase activity, we added the Hsp90-specific inhibitor Radicicol to the assay. Radicicol blocked Hsp90 activity in folding, consistent with earlier findings 17 (Fig. 2i) .
Remarkably, however, Radicicol only prevented substrate takeover by Hsp90 when preincubated with the chaperone. This implies that the Hsp90 ATPase is only relevant in the earliest phase on the folding path. As folding of luciferase continues for a further 30 min, we conclude that energy-dependent chaperone action takes place far before the transition state on the folding trajectory.
Next, we asked whether the interplay between the bacterial Hsp70 and Hsp90 systems is a conserved process. We confirmed that human Hsp70 is able to refold luciferase, assisted by the J-protein Hdj1 and the nucleotide exchange factor Apg2 ( Fig. 3a) 20 . We monitored luciferase refolding in the presence of increasing concentrations of all three members of the Hsp70 system ( Fig. 3b, c) . At 2 μM Hsp70 refolding of luciferase was maximal (75%). Further increase of Hsp70 subsequently reduced refolding efficiency, hitting basal refolding levels at 12 μM Hsp70. Addition of Hsp90, however, restored folding of luciferase at high concentrations in a substoichiometric manner ( Fig. 3d) . This indicates that the function of Hsp90 chaperones to counter the Hsp70inflicted folding block is conserved between bacteria and man.
We now wondered how the assisted protein-folding path affected the folding rate of luciferase. Strikingly, neither presence nor concentration of any chaperone tested in this study does significantly influence the folding rate (Figs. 2bdgi and 3bd). In all experiments, the folding always followed a first order kinetics (averaged rates 5 ± 2 x 10 -4 s -1 for 0-10 µM Hsp70 ( Fig. 3b ) and 6 ± 4 x 10 -4 s -1 for 0-8 µM Hsp90 (Fig. 3d) ). Therefore, the chaperones dramatically improve the refolding yield, but they do not change the refolding rate, and thus, not the transition state on the folding path. This is consistent with Anfinsen's hypothesis for protein folding 1 . We conclude that neither Hsp70 nor Hsp90 actively contribute to the folding process of luciferase. Thus, the Hsp70-Hsp90 cascade lacks foldase activity despite being required to generate high yields of refolded protein.
Next, we tested whether the mechanisms established here using luciferase could be confirmed for a classical Hsp90 in vivo and in vitro client, the ligand binding domain of the glucocorticoid receptor (GR-LBD) 9, 19, 21 . Folding of GR-LBD can be monitored by binding to a fluorescent-labelled hormone derivative 9, 21 . We thermally unfolded GR-LBD and monitored refolding at permissive temperature in the presence of Hsp70 and Hsp90. At high concentration of Hsp70 (15 μM), refolding stringently depended on Hsp90, in line with previous findings 9, 19 . At low Hsp70 concentration (5 μM), however, Hsp90 was not essential for folding of GR-LBD ( Fig. 3e) . We conclude that the mechanistic interplay of Hsp70 and Hsp90 is also valid for folding of a protein that requires Hsp90 for maturation in the cell.
Discussion
Together, our data demonstrate that Hsp90 has a conserved, general folding function downstream of Hsp70. Our findings provide a mechanistic explanation for earlier observations that presence of Hsp90 improves efficiency of the Hsp70 machine 9, 10, 17, 18, 22, 23 . Combining current knowledge with the findings presented here, we propose a model for assisted protein folding in the cell according to a stop-start mechanism ( Fig. 4a) : I. A fraction of the protein folds spontaneously; II. The protein cycles on Hsp70, allowing the protein to re-enter pathway I, a step blocked by excess of Hsp70; III. Hsp90 takes over from Hsp70, promoting folding by breaking the deadlock of unproductive cycling. Therefore, there may be no functional need for repeated Hsp70 cycles of folding and release in the presence of Hsp90.
Our findings are consistent with the hydrophobic gradient hypothesis (Fig. 1b ). Neither Hsp70 nor Hsp90 actively (re)fold the client (Fig. 4a) . This is consistent with observations that the ATPase of DnaK is required for an early unfolding reaction, but not for subsequent folding 24 . The Hsp70-Hsp90 cascade acts far ahead of the transition state of the folding reaction of the client protein.
The task of the cascade is repositioning the folding client on the energy hypersurface such that it can ultimately fold autonomously according to Anfinsen, independent of chaperone action (Fig.  4b, c) .
Components of the Hsp70-Hsp90 cascade are conserved in the cytosol from bacteria to man and are present in the main folding organelles of higher eukaryotes. This allows this cascade to take a major role in assisted protein folding throughout all kingdoms of life. The re-start activity of Hsp90 may be particularly crucial for slow folding, complex protein assemblies, making this chaperone essential in the cytoplasm of higher eukaryotes.
Materials and Methods
Plasmids and protein purification The bacterial protein DnaK was purified according to publish procedure 14 GrpE was purified as described before 26 Hdj1 was cloned and purified as a His 6 -SUMO fusion as described 27 using buffer (40 mM Hepes/KOH pH 7.6, 150 mM KCl, 5 mM MgCl 2 , 5% glycerol, 10 mM ß-mercaptoethanol) and Ni-IDA material.
Hsp90a was expressed and purified as described before 28 Firefly luciferase was purified according to previous procedures 20 . Briefly, firefly luciferase was expressed in XL10 Gold® strain (Stratagene, US). Cells containing the expression plasmid were grown at 37ºC until OD 600 = 0.5 was reached, at which point the temperature was lowered to 20ºC. After 45 minutes shaking at 20ºC, cells were induced with IPTG overnight. Upon harvesting by centrifugation, pellets were resuspended in precooled lysis buffer (50 mM Na x H y PO 4 pH 8.0, 300 mM NaCl, 10 mM ß-mercaptoethanol, protease inhibitor (cOmplete TM , EDTA free, Roche) DNase) and lysed using a microfluidizer EmulsiFlex-C5. The lysate was cleared and incubated with Ni-IDA resin for 30 min. Subsequently, the lysate-protino mixture was loaded onto a column and washed with 10 CV of lysis buffer, 10 CV of wash buffer (50 mM Na x H y PO 4 pH 8.0, 300 mM NaCl and 10 mM ß-mercaptoethanol) and eluted by addition of elution buffer (50 mM Na x H y PO 4 For GR-LBD, the protocol previously described 28 was followed. Briefly, the GR-LBD fragment (521-777) with an F602S amino acid exchange was expressed in BL21 Star (DE3) Rosetta. Cells containing the expression plasmid were grown at 37ºC until OD 600 = 0.8 was reached. Dexamethasone was then added to a final concentration of 250 μM and cells were induced with 0.5 mM IPTG at 18ºC overnight. Cells were lysed using a microfluidizer EmulsiFlex-C5 in MBP-lysis buffer (50 mM Tris HCl pH 8.3, 300 mM KCl, 5 mM MgCl 2 , 0.04% CHAPS, 1 mM EDTA, 10% glycerol, 50 µM dexamethasone, 5 mM ß-mercaptoethanol) with protease inhibitor tablets (Roche) and purified using an amylose resin (NEB, E8021S) following the manufacturer protocol with 50 mM dexamethasone addition to every buffer. To remove dexamethasone the eluted protein was dialysed in 2 l MBP-lysis buffer (without dexamethasone) for four times, each at least 2 h. Protein was freshly purified before use.
Luciferase refolding assays For the bacterial system, firefly luciferase (10 μM) was chemically denatured by incubation in unfolding buffer ( For the human system, 80 nM firefly luciferase in refolding buffer containing the indicated amounts of chaperones was heat-denatured at 42ºC for 10 min. At the indicated time points, 1 μL sample was diluted into 124 μl of assay buffer and measured as described for the bacterial system. Refolding yields were normalized based on the activity of non-denatured luciferase.
Luciferase data fitting Data fitting was done using Prism 6 (GraphPad software, USA). In case of Hsp70 titrations, % refolding vs time data was fitted to a one-phase association equation (Figure 1b, 1d, 2b) with a shared k value, corresponding to a first order reaction: % = * 1 − 45 * 6 Table 1 . K values and their standard error from the fit of data in figure 1b, 1d and 2b to a one phase association equation. For each concentration, the percentage of refolded luciferase at the plateau were extrapolated from the fits and standard error of the fit for the plateau were calculated: . 1c and 2c) 1 . Equation derived from the mechanistic scheme of the chemical reaction shown above. r p represents the observed rate of the individual refolding reactions in Fig. 1b and 1d , whilst r s is the rate of the competing reaction. The values for all the parameters of the fit can be found in the following table, including the constrained S and r p. Table 3 . Values of the parameters of the derived equation used in Fig. 1c and 1d . In the situation of Fig. 1e , not only Hsp70 concentration changes but its co-chaperones are titrated up as well. DnaJ was shown to bind as a substrate to DnaK when no substrate is present or, presumably, when in large excess over the substrate 29 . That translates in a more complex situation that could not be described by the same equation. In this case, a dotted line guides the eye.
K value ±SE
For the Hsp90 titrations, % refolding vs time data was fitted to a one-phase association rate equation as described for the Hsp70 experiments with a shared k value (graphs not shown).
Refolding vs [Hsp90] was fitted to a one-phase association equation with association constant K (Figure 1g, 1i, 2d) . Plateau 87,60 80,37 72,36 91,08 K 3,020 6,905 2,080 0,8803 r 2 0,9863 0,9626 0,9325 0,9040 GR-LBD binding assay 2 μM GR-LBD was denatured in the absence or presence of 15 μM Hsp70, 2 μM Ydj1, 2 mM ATP and 5 mM MgCl 2 at 42ºC for 10 minutes. After denaturation when indicated, 15 μM Apg2 and 15 μM Hsp90 were added. Fluorescence anisotropy was measured on a plate reader (CLARIOStar, BMG Labtech) with excitation/emission wavelengths of 485/538 nm. Ligand binding was initiated by addition of F-Dex (fluorescein-labelled dexamethasone) to a final concentration of 20 nM and association was monitored measuring fluorescence anisotropy over time until reaching saturation. Control samples with GR-LBD alone ± Hsp70 were prepared with matching volumes of the chaperones storage buffer. Normalization was done considering 100% and 0% binding of F-Dex as folded and unfolded GR-LBD respectively.
PyMOL Structures
GroEL/GroES (pdb file: 1AON) 30 , DnaK (pdb file: 2KHO) 31 , HtpG 32 are colored using YRB highlighting scheme in PyMOL 33 .
